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Abstract-Both steric and electronic factors appeared to be essential to the interaction of 

2-aryl-1,3-indandiones with methemoglobin reductase. 2-Phenyl-1.3~indandione. 2-(3.5-di-tert.hutyl- 
phenyl)-1.3-indandione and 2-(4-methoxyphenyl)-I ,3-indandione were found to be cofactors of the 
enzyme. By introducing electron-attracting substituents into the phenyl ring strong competitive 
inhibitors were obtain&d: 2-(35dichlorophenyI)-l.3-indandione and 2-(3.5di-trifluoromethylphenyl)- 
I .3-indandione. Two ortho-substituted derivatives, 2-(2,6-dimethylphenylkI .3-indandione and 
2-(2,4,6-trimethylphenyl)-l.3-indandione. had no effect at all on the reduction. The anti-inflammatory 
activities of 2-aryl-1.3-indandiones, as determined in acarrageenan oedema test, showed no relationship 
to the interaction with the enzyme. 

Non-steroidal anti-inflammatory drugs have been 
reported to affect cellular oxidation-reduction 
reactions [I]. The influence on two oxidation pro- 
cesses, uncoupling of oxidative phosphorylation 
and inhibition of prostaglandin biosynthesis, has 
frequently been used to distinguish between anti- 
inflammatory and non-anti-inflammatory com- 
pounds. However, anti-inflammatory activity does 
not always correlate with the in vitro activities. This 
has also been described for a series of 2-aryl-l.3- 
indandiones by Van den Berg et (11. [2, 31. 

In a previous study on a reductive enzyme system 
we have met the same problem 141. In the reduction 
of 2,6-dichlorophenol indophenol (DCIP) by methe- 
moglobin reductase 2-phenyl- I ,3-indandione (PID) 
and phenylbutazone have been found to act as co- 
factors, and sodium salicylate and indometacin as 
inhibitors. Methemoglobin reductase (a diaphorase) 
is located in the erythrocyte and regulatbs the 
correct hemoglobin-methemoglobin ratio [5]. 

In an effort to clarify the above problem we have 
studied the influence on methemoglobin reductase 
by seven selected 2-aryl-I ,3-indandiones-PID, 
2-(2,6-dimethylphenyI)-1.3-indandione, 2-(2.4,6-tri- 
methylphenyl)-l,3-indandione. 2-(3,5-di-tert.butyl- 
phenyl)-l,3-indandione. 2-(4-methoxyphenyl)-I .3- 
indandione, and 2-(3,5-dichlorophenyl)- I ,3-indan- 
dione and 2-(3,5-di-trifluoromethylphenyl)- I ,3-in- 
dandione and three well-known anti-inflammatory 
compounds, sodium salicylate, phenylbutazone and 
indometacin. 

MATERIALS AND METHODS 

Chemicals. The 2-aryl-I .3-indandiones came 
from the laboratory stock. All other chemicals were 
of analytical grade and were purchased from J. T. 
Baker Chemicals B.V., Deventer, Netherlands. 

* To whom correspondence should be addressed. 

Preptrrtrtion of the rnzytrw. The enzyme was iso- 
lated from bovine erythrocytes according to Splitt- 

gerber et al. [6). Protein was determined by the 
method of Lowry et (I/. 171. 

Enzyme assay. The methemoglobin reductase act- 
ivity was measured according to the method of Scott 
and McGraw[8], using DCIP as the electron 
acceptor. The assay system consisted of 45 mM 
Tris-HCI buffer (pH = 7.5). I mM EDTA and 9-59 
pM DCIP (determined in the cuvette by using a 
millimolar extinction coefficient of 20. I); the protein 
concentration was I25 Fug/ml. When NADH was 
used, its concentration was I33 ,uM. The drugs were 
added in 0.05 ml of DMSO. The reactions were 
started by the addition of the cofactor. In the inhi- 
bition studies the inhibitor was added just before the 
reaction was started. The initial reduction velocities 
were measured at 20” with a Beckman 24 recording 
spectrophotometer at 600 nm. The non-enzymatic 
reduction of DCIP by NADH. the 2-aryl-I ,3-indan- 
diones, sodium salicylate. phenylbutazone andindo- 
metacin was corrected for, if it was less than 5 pel 
cent of the final rate. 

H~SI’L’I‘S -\NI) I)IS(‘I’SSION 

The 2-aryl-I .3-indandiones have mainly been 
selected, starting from the way in which their anti- 
inflammatory activities correlate with their effects 
on uncoupling of oxidative phosphorylation and 
prostaglandin biosynthesis, as observed by Vanden 
Berg et al. 12. 31 (Table I). For the influence on both 
biochemical processes marked differences were 
found between2-aryl- I ,3-indandiones withand with- 
out ortho substituents. In the case of uncoupling 
of oxidative phosphorylation 3,5-di-teti.butyl- 
phenylindandione appeared to be one of the most 
active agents. PID was a weak inhibitor of prosta- 
glandin biosynthesis but by introducing electron-’ 
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Table I. Inhibition of the development of carrageenan oedema in the hind paw of the ritt t ED,,, rngikgr b! :I nnmher of 
~-[~-phenyl)-I.~-i~dandiones and three non-steroidal ~~nti-~nflamm~itory compounds and their effects on ouidative 
p~osphoryl~tjon (C,, M). prostagl~ndin bj~3sy~thesjs (I&,. Mi and reduction of DCIP by rn~thefn~lg~~)h;n rednctase 

R. or compoutld 

w 
2.6dimethyi 
~.4~~-trimethyl 
3.5-di-terr.butyl 
4-methoxy 
3.Sdichloro 
~.~-di-trifluoromethyl 
sodium salicylate 
phenylbuta~on~ 
indometacin 

ED,,, 
37 
-t 
- 
5.4 

77 
- 
Z&h:‘: 

310 
46 
3.6 

~._--.. 

--log ID,,, Effect on meth. red. 

3.2 cofactor/non-enr.red. ii Yi 1 
< 3.X - 
c .?.?O 

4.9.s cufactorinon-enz.red. 
3.37 cofactor/non-enz.red. 
9.19 camp. inhibition 
N.D. camp. inhi~i~~~~n 

i 3.on camp. ~nhibit~l~n 
3.4(f cofactor 
.s .OO camp. inhibition 

____LI__-__-_,.._.. 

* The compounds were given orally. 
+ No activity observed. 
$ See 191. 
8 Not determined. 

attracting substituents very active compounds were 
obtained as 3,S-dichlorophenylindandione. 

4-Methoxyphenylindandione, another derivative 
with an electron-repelling group, and 35di- 
triffuoromethylphenylindandione, another deriva- 
tive with an electron-attr~~cting group. have been 
added to rhe series in view of the fact that PID can 
act as an electron donor in the reduction of DCIPby 

methemoglobin reductase (41. 
The 3,S~di-~e~.but~l- and 4-methoxyphenyl~ 

indandiones can also act as cofactors in the enzy- 
matic reduction of DCIP. In these cases it was not 
possible todetermine the initial reduction velocities. 
because the non-enzymatic reduction of DCIP by 
the indandianes was far more than 5 per cent of 
the final rate. 

However, replacement of NADH as a cofactor of 
methemoglobin reductase in the reduction of DCIP 
is not a general property of 2-aryl- 1 ,~-indandiones. 
The 3.5dichloro- and 3,5-di-tr~ff~oromethy1 deriva- 
tives were not able to replace NADH as a cofactor 
and did not show non-enzymatic reduction of DCIP. 
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Fig. 1. ~ineweaver-Turk plots of the red~tction of DCIP 
by methemoglobin reductase in the presence of 133 PM 
NADH (a), of 133 pM NADH+O.OS mM 3.5.dichloro- 
phenyiindand~on~ (b). of 133 pM NADH+O.OS mM 
~,5~i-tr~fluoromethylphenyiindandione (c). of 133 phi 
NADH+20 mM sodium salicylate (d) and of 133 ,&I 
NADH+0.5 mM indometacin te). Each point represents 
the mean value of at least three experiments. 

On the contrary. both indandiones werecompetitive 

The kinetic expression for this type of inhibition 

is 

inhibitors of the enzyme (Pig. I). 

L’,,,,, = I& + KU il I i I 
I‘ ES1 IS1 K 

The foliowing inhibitory constants were calcula 
ted: 52 and 49 PM. respectivefy. The 2.6dimethyl 
and ~,4,~-tr~methyl derivatives had no effect at all 
on the reduction neither as electron donors nor as 
inhibitors. The electron-donating ability of 7-aryl- 
I .3-indandiones might heexplained as follows. Con- 
sidering the charge distribution over the five- 
membered ring of the indane skeleton, abstraction 
of a hydride ion like in the case of NADH is not 
likely. Zalukaev et ui. 1 IO] reported the reduction of 
rluinones by ?-aryl- 1 .3-indandiones. They described 
that cyclic ,&diketones react in the anionic form with 
the yuinone by a mechanism of one-electron 
transfer. We postulate that also in the reduction of 
DCIP by methemoglobin reductase using a 2-aryl- 
1.3-indandione as a cofactor and in the non- 
enzymatic reduction of DCIP by the same arylin- 
dandione the first step is an one-electron transfer 
(Scheme if. The anion radical can be stabilised by 
delocaiisation of the unshared electron over the 
phenyl group. Such a stabilisation can not occur in 
the 2.6dimethyl- and 1.4,6-trimethylphenylindan- 
diones, because the five-membered ring of the 
indane group and the phenyl groupare not coplanar. 
as shown by Bruynesl I I] in a nuclear magnetic 
resonance study. 

The absence or presence of the electron-donating 
ability in the case of the other l-aryl- I ,3-indandiones 
becomes clear by using the Hammett v constant of 
the relevant substituent as a parameter for the zr- 
electron availability of carbon atom f of the phenyl 
group. 

In support of the above postulate are the results 
of an electron spin resonance study on ?-aryf- I .3- 
indandione radicals by Poluktov e? 01. [ 12). They 
observed that ~-(4-dimetbylaminophenyl)-I J-in- 
dandione formed a stable radical. The cpitr;, of a 
dimethylamino group is - Ct.600 [ 131. 

In accordance with the negative (T values of para 



Methemoglobin reductase 

Scheme I. Reduction of DCIP by.methemoglobin reductase using a 2-CR-phenyl)-I .3-indandione a\ 

a cofactor and non-enzymatic reduction of DCIP by the same indandione. postulated mechanisms. 

methoxy (- 0.268 [ 131) and meta tert.-butyl 

(- 0.240[ 131) groups, the 4-methoxy and 

3.5di-tert.butyl derivatives were found to act as 
electron donors in the enzymatic and non-enzymatic 
reduction of DCIP. As might be expected on the 

ground of the fact that the ,7 value of a hydrogen 
atom is zero, the non-enzymatic reduction of DCIP 
by the unsubstituted phenylindandione was less 
extensive [4]. The (T,,,~,~ values of chloro (0.746 [ 131) 
and trifluoromethyl(O.860[ 13])substituentsareposi- 
tive and the corresponding phenylindandiones were 
no electron donors. It is evident from the results 
reported above that the interaction with methemo- 
globin reductase or the ability to form radicals is not 
a right tool to distinguish between anti-inflammatory 
and non-anti-inflammatory 2-aryl- I ,3-indandiones 
(Table I). The same applies to the reference com- 
pounds sodium salicylate, phenylbutazone and in- 
dometacin. Sodium salicylate and indometacin were 
competitive inhibitors of methemoglobin reductase 

(see Fig. 1. K; = I5 mM and 230 PM respectively) 
while Verboom et al. [4] demonstrated that phenyl- 
butazone acted as a cofactor of the enzyme. 

Finally, however, it should be pointed out that 
representatives of two well-known classes of drugs, 
the anticoagulants and the anti-inflammatories. may 
affect the hemoglobin-methemoglobin ratio, in 
other words the oxygen transport. 
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